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Abstract 

Using Density Functional Theory calculations, we show how CO2 adsorption on perfect and 

reduced anatase TiO2 (101) surfaces can be substantially modified by the presence of surface Ag 

and Pt octamer clusters. We find that adsorption is affected even at sites where the adsorbate is 

not in direct contact with the octamer, which appears to be a manifestation of an electrostatic 

competition between attractive (Ti-O) and repulsive (Ti-C) interactions as well as charge  

donation to CO2 from the Ag/Pt-modified surface. In addition, TiO2-supported Pt octamers offer 

key advantages that could be leveraged for CO2 photoreduction, including providing additional 

stable adsorption sites for bent CO2 species and facilitating charge transfer to aid in CO2
- anion 

formation. Electronic structure analysis suggests these factors arise primarily from the 

hybridization of the bonding molecular orbitals of CO2 with d orbitals of the Pt atoms. Our 

results show that for adsorption on TiO2-supported Pt octamers, the O-C-O bending and C-O 

asymmetric stretching frequencies can be used as reliable indicators of the presence of the CO2
- 

anion intermediate, as well as to distinguish unique adsorption geometries/sites. Finally, we 

suggest a possible pathway for subsequent CO2 dissociation to CO at the surface of a reduced 

anatase TiO2 (101)-supported Pt octamer, which has a computed energy barrier of 1.01eV.  

1. Introduction  

Ever since Fujishima and Honda first demonstrated the use of TiO2 electrodes for photocatalytic 

water splitting in 1972,1 numerous researchers have extended into applications such as 

photocatalytic degradation of environmental harmful species,2 and photoreduction of CO2 into 

light hydrocarbons.3 However, the efficiency of the photo-conversion remains a weakness.4 One 

technique to improve the photo-efficiency is to deposit noble metal nanoparticles on the 



semiconductor surface.5-6 The nanoparticles serve as cocatalysts to reduce the recombination of 

e-/h+ pairs, or as plasmonic particles to increase the concentration of photoexcited electrons.7-8 

However, cost is a concern for this technique; for example, Pt has proven to be an effective 

cocatalyst but is expensive and limited in supply. Doping the semiconductor with elements such 

as N9-10 and Ag11 and introducing surface defects are other techniques for improving the photo-

efficiency by reducing the bandgap, but they also increase the chances for recombination of e-

/h+ pairs.12 

The addition of subnanometer metal clusters consisting of several atoms represents an 

alternative strategy that can substantially reduce the materials requirements associated with 

larger cocatalyst particles. Such clusters have shown enhanced catalytic activity for a variety of 

reactions such as direct propylene epoxidation,13 CO oxidation,14-16 and oxidative 

dehydrogenation of propane.17 The promotional effects are attributed to the dynamic structural 

fluxionality,16 larger fraction of under-coordinated surface atoms,17 and the interactions between 

deposited cluster and the support.18 In addition, such clusters can potentially introduce extra 

electronic states within the bandgap (sub-bandgap states) of the semiconductor, thereby reducing 

the optical absorption gap.19-22 

While TiO2 may not prove to be the optimal catalyst for CO2 photoreduction, TiO2-based 

materials continue to provide common settings to understand the chemistry of CO2 

photoreduction.23 One proposed mechanism starts with the absorption of an incident photon to 

form Ti3+- O- sites, followed by the interaction of the Ti3+ atoms with CO2 to form CO2
-, the 

latter being the first and key step of the reduction mechanism.4, 24 The adsorbed CO2
- then reacts 

with an H· radical to generate CO, HCO2H, CH2CO, CH3OH, and CH4. The success of the key 

step (reduction of CO2 to CO2
-) relies on the geometry with which CO2 is adsorbed on the TiO2 



surface: the more bent the geometry of the adsorbed CO2 molecule, the easier the transfer of 

photoexcited electrons to CO2 to form the CO2
- anion.25-27 This is due to the decrease of the CO2 

LUMO energy as the O-C-O bond angle decreases.28 Prior quantum mechanical calculations 

have investigated CO2 adsorption on the electronic ground or excited states of different surfaces 

of TiO2 clusters.26, 29-30 More thorough studies have considered CO2 adsorption on periodic TiO2 

anatase (101) surfaces, including the effect of oxygen vacancies or interstitial Ti atoms at surface 

or subsurface sites.25, 31  

In this article, we extend previous work by using density functional theory (DFT) to examine 

the interplay between CO2 adsorbates and anatase TiO2 (101) surfaces in the presence of 

subnanometer Ag & Pt clusters, which we represent by octamers. The choice of surface was 

motivated by the fact that anatase is the dominant crystal structure of TiO2 in a commercial 

Degussa P25 photocatalyst (80% anatase and 20% rutile), and the (101) surface is the most stable 

anatase surface.32 In addition, scanning tunneling microscopy (STM) points to the existence of 

various point defects such as oxygen vacancies, hydroxyl groups, and interstitial atoms, which 

may bring important effects to the interaction between the surface and the metal clusters;33 

accordingly, we consider the possible presence of a surface oxygen vacancy (i.e., reduced 

surface) in addition to the pristine anatase surface. 

Specifically, we frame our discussion according to four basic ingredients for designing an 

effective CO2 photoreduction catalyst (focusing here on the formation of key reaction precursors): 

(i) availability of binding sites, (ii) intermediate adsorption energy at those sites (too strong = 

traps; too weak = inactive), (iii) bent geometry of CO2, and (iv) localized charge transfer to CO2 

to facilitate CO2
- formation. We investigate the impact that adding Ag and Pt clusters to anatase 

surfaces has on each of these four factors. The geometry and energetics of CO2 adsorption are 



first examined in detail using electronic structure techniques. The CO2 adsorption modes are then 

correlated with calculated vibrational frequencies to provide a roadmap for interpreting and 

characterizing IR spectra. Finally, a possible dissociation mechanism of CO2 to CO (in its 

precursor state) on one of our tested surfaces is discussed. This understanding is intended to 

guide the design of promising subnanometer metal cluster/semiconductor catalyst frameworks 

for CO2 photoreduction. 

2. Computational Methods 

Titanium atoms on the anatase TiO2 (101) surface consist of 5-fold(5c-) and 6-fold(6c-) 

coordinated Ti atoms, whereas the surface oxygen atoms comprise 2-fold(2c-) and 3-fold(3c-) 

coordinated O atoms. The 3c-O atoms can be further decomposed into 3c-O between 5-fold 

coordinated Ti and between 6-fold coordinated Ti atoms.21, 34 The reduced surface is modeled by 

removing an oxygen atom from a bridge site (2c-O), resulting in conversion to 4c-Ti and fewer 

exposed 5c-Ti atoms. The stable configurations of perfect and reduced surface-supported Ag and 

Pt octamers were obtained by following the procedures from our previous work.21  

The DFT calculations were performed with the Perdew–Burke–Ernzerhof (PBE) functional 

of the generalized gradient approximation (GGA)35 using the VASP (Vienna Ab Initio 

Simulation package) code.36-38 The electron-ion interactions were modeled by the projector-

augmented wave (PAW)39 method. A kinetic energy cutoff of 500 eV was used for the 

wavefunctions, and energies were converged to 10-5 eV. Spin polarized calculations were 

incorporated in the geometry optimization, with the force convergence criteria on each atom set 

to < 0.01 eV/ Å. A 3x1 supercell of the anatase TiO2 surface with six trilayers was considered. 

Among the six trilayers, the bottom three layers were frozen, while the top three layers and metal 

clusters were allowed to relax. A Monkhorst-Pack 40 mesh of 2x2x1 k-points was used to sample 



the Brillouin zone for determining the adsorption geometry of CO2 on the model surfaces; this 

was increased to 6x6x1 for the density of states (DOS) calculations. The vacuum region between 

the slabs was set to 12 Å. The adsorption energy of CO2 was calculated as the difference between 

the total energy of the CO2 adsorbed on the model surfaces, and the sum of energies of the 

isolated CO2 and model surfaces. Within this definition, an more negative adsorption energy 

indicates more favorable adsorption.  

To study the electronic structure of the interactions of CO2 with the model surfaces, we 

computed atom-projected densities of states (p-DOS) within the energy range of interest (from 

the level of the bonding molecular orbitals of CO2 to 1 eV above the Fermi level), as well as 

density plots (DPs) with equal-density isosurfaces of 0.001e/ Å3. The zero energy position in 

each p-DOS figure within this work corresponds to the Fermi level. Charge population changes 

upon CO2 adsorption on the model surfaces were analyzed using Bader charge analysis.41 The 

climbing image nudged elastic band method (CI-NEB)42-44 (Γ point sampling and spin restricted) 

was used to investigate the mechanism of CO2 dissociation to CO. The vibrational frequencies 

were calculated using the frozen-phonon approach with a displacement of 0.015 Å for the C and 

O atoms of the CO2 molecule.  

3. Results and Discussion 
 
3.1 CO2 Adsorption on TiO2 Surfaces 
 
We begin with a discussion of CO2 adsorption on perfect and reduced anatase TiO2(101) surfaces 

without Ag or Pt clusters. On the perfect anatase TiO2 (101) surface, three CO2 adsorption modes 

were identified: one linear (L1) and two bent (B1, B2) forms; on the reduced surface (Vo), six 

modes were obtained: one linear (LVo1) and five bent (BVo1-BVo5) forms. Among the 

adsorption modes, B1, B2, and BVo5 were found to be slightly metastable. The optimized 



geometries and corresponding structural parameters are given in Fig. S1 of the Supporting 

Information. Table 1 shows the corresponding adsorption energies, O-C-O angles of CO2, and 

changes in the Bader charge of the CO2 molecule and of its central C atom. Our computed 

configurations are almost the same as those reported by He et al. (using VASP with the PBE 

functional)25 and by Sorescu et al. (using VASP with PBE with corrections for the long-range 

dispersion interactions).31 Compared to the results obtained by He et al.,25 the trends in the 

adsorption energy and structural parameters for binding on the perfect surface are the same, 

though our adsorption energies are a bit weaker; this may be due to a different convergence 

criterion and supercell size. Compared to the study by Sorescu et al.,31 our converged 

configurations and the trends in the adsorption energy on both perfect and reduced surfaces are 

also quite similar, except for BVo4, for which we obtained a somewhat larger O-C-O angle.  

Comparing the energies in Table 1 to the geometries in Fig. S1 reveals site-specific trends of 

the binding mechanism. The O atom in CO2 tends to bind with surface Ti atoms, whereas the C 

of CO2 tends to bind with surface O atoms. Specifically, on the perfect surface, the preference is 

for the O atom of CO2 to bind with 5c-Ti, while on the reduced surface it also binds with 6c-Ti. 

The latter effect is likely due to the greater exposure of 6c-Ti surface sites in the presence of the 

oxygen vacancy, which results from the vacancy-induced modification of the local surface 

structure. The O atom’s tendency to bind with both 5c-Ti and 6c-Ti on a reduced surface is best 

illustrated by BVo1, in which it binds to both sites simultaneously; this is also the most stable of 

all of our tested configurations. The C atom in CO2 favors binding with either 2c-O and 3c-O 

(5Ti) on the perfect surface, whereas on the reduced surface 3c-O (6Ti) also becomes possible 

(e.g., BVo3, for which the C-to-3c-O binding distance is 1.41Å).  



On average, the introduction of oxygen vacancies appears to have two key effects on CO2 

adsorption: first, it increases the number of possible CO2 binding configurations; and second, it 

enhances the adsorption strength on the surface. This second point is particularly evident when 

comparing the metastable B2 with the highly stable BVo2, which is analogous except for the 

removal of a bridging oxygen. The oxygen vacancy helps stabilize CO2 adsorption in BVo2, 

likely because CO2 gains electron density from the oxygen vacancy (0.088e). We emphasize that 

such negative charge accumulation at the C of CO2 is crucial to the formation of the CO2
-
 anion 

for CO2 photoreduction,25 and is particularly pronounced for BVo1 and BVo4 (0.827e and 

0.421e, respectively). 

Table 1. Calculated propertiesa based on stable adsorption configurations of CO2 on 
perfect/reduced anatase TiO2(101).  

Ads. 
config. -Eads(eV)  ∠OCO(deg.) ∆e of CO2  ∆e of C in CO2 

B1 -0.02 130.1 -0.011 0.017 
B2 -0.09 134.1 0.062 -0.005 
L1 0.14 178.7 -0.013 -0.025 

BVo1 0.76 135.2 0.799 0.827 
BVo2 0.51 132.4 0.088 0.024 
BVo3 0.37 127.6 0.150 0.064 
BVo4 0.13 150.1 0.393 0.421 
BVo5 -0.03 129.9 0.001 -0.005 
LVo1 0.36 177.8 -0.036 -0.048 

     
a Values represent the adsorption energy, O-C-O angle of CO2, and the difference of the Bader 
charge of the CO2 molecule upon adsorption (∆e >0 means electron accumulation; L and B 
represent linear and bent adsorption forms; Vo represents an oxygen vacancy).   

 

 

 



3.2 CO2 Adsorption on TiO2 Supported Ag/Pt Octamers Surfaces 

Next, we discuss how the adsorption properties of CO2 are affected by the presence of the Ag 

and Pt octamers on anatase TiO2 (101), focusing on structural and electronic properties, the CO2 

binding mechanism, and the associated vibrational properties. Particular attention is paid to two 

factors that are directly relevant for catalytic activity: first, the availability of viable surface 

binding sites for CO2; and second, the bent geometry and charge accumulation on the adsorbate, 

which together facilitate CO2 activation. Note that some reconstruction of the octamer occurs 

during CO2 adsorption on both perfect and reduced surfaces; this is due to the fluxionality 

characteristic of the subnanometer metal cluster, which was discussed in our previous work on 

the adsorption of Ag and Pt dimers, tetramers, and octamers on the anatase TiO2 (101) surface.21 

3.2.1 Structural and Electronic Properties 

§ Pt/Ag on Perfect Anatase (101) Surface 

We begin by considering CO2 binding on perfect (vacancy-free) anatase (101) surfaces with Ag 

and Pt octamers. The optimized configurations and structural parameters of CO2 adsorption for 

this case are given in Figure 1. The adsorption energy, O-C-O angle of CO2, and Bader charge 

difference of the CO2 molecule upon adsorption for each of the configurations of Figure 1 are 

reported in Table 2. In the presence of the Ag octamer, two bent (BA1 and BA2) and one linear 

(LA1) CO2 adsorption modes were found, as shown in Figure 1a-c. In the presence of the Pt 

octamer, four bent (BP1-BP4) and one linear (LP1) CO2 adsorption modes were found, as shown 

in Figure 1d-h. The adsorption configurations can be broadly classified into two categories: those 

where CO2 binds directly to the TiO2 surface itself (BA2, LA1, BP4, LP1); and those where CO2 

interacts appreciably with the metal cluster (BA1, BP1, BP2, BP3). 



Adsorption at TiO2 sites (with octamer present).  A comparison of Tables 1 and 2 makes it 

clear that the presence of Ag and Pt octamers affects CO2 binding even when there is no direct 

contact between the adsorbate and the metal clusters, i.e., when binding is directly on TiO2 

surface sites (BA2, LA1, BP4, LP1). Moreover, the effect of the Ag & Pt octamers on CO2 

adsorption at these sites varies depending on the orientations of the CO2 molecule.  

To see this, consider the linear modes, LA1 & LP1 (Figure 1c & 1h) and the bridge 

carbonate-like modes, BA2 & BP4 (Figure 1b & 1g), which are similar to one another in terms 

of O-C-O angles of CO2 and binding distances. In comparison with analogous modes on the 

perfect surface without Ag/Pt (L1 and B2 in Fig. S1a & S1c in Supporting Information), the 

linear LA1 and LP1 have longer bond lengths between the O atom of CO2 and the surface Ti 

atom by up to 0.2 Å (Fig. S1 in Supporting Information and Figure 1), as well as weaker 

adsorption energies (refer to Table 1 & 2). Conversely, the presence of Ag or Pt octamers 

stabilizes the metastable bent B2 configuration, strengthening adsorption for the stable BA2 and 

BP4 bent configurations (which have nearly identical structural parameters).  

The Bader charge analysis in Table 2 indicates that the additional negative charge 

accumulated on the binding O atom of CO2 for LA1 (0.026e) and LP1 (0.061e) sustains binding 

with the surface Ti atom, similar to the value found for L1 on the undecorated surface (0.033e). 

BA2 and BP4 also show net significant electron accumulation in both O atoms of CO2 upon 

binding. However, though qualitatively consistent with B2 on the undecorated surface (Table 1), 

the magnitude of this accumulation is much greater for BA2 and BP4. Moreover, the electron 

accumulation on the O atoms of CO2 for BA2 and BP4 is not accompanied by any significant 

electron depletion on the C atom, indicating charge is being transferred from the substrate rather 

than internally redistributed within the CO2 molecule. This behavior may explain the 



transformation from the metastable B2 to stable BA2 and BP4 upon addition of Ag/Pt. The 

localized net charge at both O atoms of CO2 facilitates binding with the surface Ti atom, which 

agrees with the result reported by He and coworkers.25 The enhanced electron density in the CO2 

adsorbate derives from the tendency of Ag & Pt octamers to donate electrons to the anatase (101) 

surface: our previous work suggests that Ag and Pt octamers have the tendency to donate 

electron to the anatase (101) surface (1.075 and 0.450e).21 Similar trends have also been 

observed on model surfaces of Pt dimers on rutile TiO2 (110)45, Ag(2,4,8) on anatase (110)46, 

and Pt(1-3) on anatase (101)19. The enhanced CO2 adsorption phenomenon is similar to the 

observation that O2 adsorption on stoichiometric rutile TiO2 (110) becomes favored when 

electronic density is transferred from deposited small Au clusters to the oxide.47  

Adsorption at sites associated with octamers. Examination of the sites for which CO2 

binds in direct contact with the Ag/Pt octamers (BA1, BP1, BP2, BP3) reveals two additional 

facts. First, we find that the presence of the Pt octamer exposes more additional CO2 adsorption 

sites than does the presence of the Ag octamer (three for Pt vs. one for Ag). Second, CO2 tends to 

adsorb rather strongly on the Pt site.  

BA1 (Figure 1a) is the sole Ag octamer-associated CO2 adsorption site, in which CO2 binds 

at the interface between the Ag octamer and the TiO2 surface with a distance of 2.26 Å between 

O(a) and the nearest Ag atom. Compared to analogous modes without the octamer (B1 in Fig. 

S1b in Supporting Information), there is an increase of the C-O bond length in CO2 by 0.04 Å; 

the O-C-O angle of CO2 is also smaller. The elongation is attributed to the interaction of the Ag 

octamer with CO2, indicated by increased charge transfer to O(a) for BA1 (0.072e) compared to 

B1 (0.042e). The additional charge transfer also explains the increase in adsorption strength by 

0.33eV, and reveals the Ag octamer’s role in stabilizing CO2 on the surface in this mode.  



 

     

Figure 1. Stable CO2 adsorption configurations on the perfect anatase TiO2(101) surface in the 
presence of Ag and Pt octamers (O in red, C in black, Ti in blue, Ag in silver, Pt in green. The 
numbers indicate the bond lengths in Å). 

 

The three additional CO2 adsorption sites provided by the Pt octamer for bent-form CO2 are 

BP1-BP3 (Figure 1d-f). BP1 represents CO2 adsorption at the interface edge of the Pt octamer 

and TiO2 surface. In this configuration, CO2 binds with 5c-Ti using one of its O atoms, while 

using C and the other O to bind with the Pt octamer. On the other hand, in BP2 and BP3, CO2 

adsorbs solely on the Pt octamer, with no direct interaction with the anatase surface; notably, 

these configurations are unique to Pt, with no analog for Ag. In BP2, the C atom of CO2 bridges 

two Pt atoms, each of which also interacts with a different O atom of CO2. In BP3, the CO2 

molecule uses C and one O to bind with one Pt atom.  



On average, adsorption on the three Pt sites is stronger than on the surface with supported Ag 

octamers or on the clean perfect anatase surface, which means that the supported Pt octamer 

surface will tend to enrich the adsorbed CO2 species. Moreover, BP1, BP2, and BP3 show a 

tendency for significant negative charge accumulation in the C atom of CO2 (0.599, 0.537, and 

0.374e, respectively), which is favorable for formation of the CO2
- anion. The charge 

accumulation can also be easily observed in the charge density difference of BP1 and BP2 (see 

Fig. S2 in Supporting Information). Note that the O-C-O angle of CO2 decreases as the net 

charge transfer and the adsorption strength increase. In fact, the O-C-O angles of adsorbed CO2 

in BP1 and BP2 are close to the reported angles of the CO2
- anion based on experimental and 

theoretical results, 127±8° and 138°, respectively.25 We point out that the C atom’s acquisition of 

additional negative charge is similar to the electronic behavior of adsorption modes found on 

clean perfect Zn2GeO4 (010) and (001) surfaces.48 This reveals that depositing subnanometer 

metal clusters can bring new electronic properties to a conventional photocatalyst such as TiO2, 

and that a Pt octamer deposited on perfect anatase (101) has the capability to activate the CO2 

molecule. Notably, this behavior contrasts with CO2 adsorption modes on clean perfect anatase 

TiO2 (101)25, perfect brookite (210)49, and perfect ceria (110)50 where no stable bent form of CO2 

or net charge accumulation on C upon adsorption were found.  

 

 

 

 

 

 



Table 2. Calculated propertiesa based on CO2 adsorption configurations on perfect anatase 
TiO2(101) in the presence of Ag and Pt octamers.  

Ads. 
config. -Eads(eV) ∠OCO(deg.) 

∆e of CO2 ν(CO2)(cm-1) 

C O O ν1 ν2 ν3 

BA1* 0.31 126.1 -0.012 -0.018 0.072 1213 827 1606 

BA2 0.20 132.7 0.001 0.077 0.102 1247 801 1629 
LA1 0.11 178.6 -0.014 0.000 0.026 1317 624 2359 
BP1* 0.72 127.7 0.599 0.044 -0.051 1174 760 1511 
BP2* 0.69 135.9 0.537 -0.041 -0.053 1130 713 1690 
BP3* 0.16 148.4 0.374 -0.058 0.000 1167 602 1918 
BP4 0.09 132.2 -0.006 0.054 0.072 1260 806 1615 
LP1 0.10 179.0 -0.029 -0.003  0.061 1307 608 2345 

 
aValues represent the adsorption energy, O-C-O angle of CO2, difference of the Bader charge of 
the CO2 molecule upon adsorption, and vibrational frequencies of symmetric (ν1), bending (ν2), 
and asymmetric (ν3) stretching modes (∆e >0 means electron accumulation; L and B represent 
linear and bent adsorption forms; A and P represent Ag and Pt; asterisks indicate interaction 
associated with Ag/Pt octamers).     

 

§ Pt/Ag on Reduced Anatase (101) Surface 

Next, we consider CO2 binding on reduced anatase (101) surfaces (i.e., oxygen vacancy) with Ag 

and Pt octamers. Identified CO2 adsorption configurations and corresponding structural 

parameters for this case are given in Figure 2. The adsorption energy, O-C-O angle of CO2, and 

Bader charge difference of the CO2 molecule upon adsorption for each of the configurations of 

Figure 2 are reported in Table 3. On the reduced surface with the Ag octamer, two bent (BAVo1 

and BAVo2) and one linear (LAVo1) CO2 adsorption configurations were found, as shown in 

Figure 2a-c. In the presence of the Pt octamer, six bent (BPVo1-BPVo6) and one linear (LPVo1) 

CO2 adsorption configurations were found, as shown in Figure 2d-j. As we did for the vacancy-

free surface, we categorize the configurations into two categories: one where CO2 binds directly 



to the TiO2 surface (LAVo1, LPVo1, BAVo1, BPVo5), and another where there is direct 

interaction with the metal cluster (BAVo2, BPVo1, BPVo2, BPVo3, BPVo4, BPVo6). 

Adsorption at TiO2 sites (with octamer present). As we found for the perfect surface, the 

presence of the Ag or Pt octamer has an impact on TiO2 sites, even those that are not directly 

associated with the octamer. However, unlike the perfect surface case, there does not appear to 

be a significant dependence on the specific orientation of the adsorbed CO2 molecule. 

Again, some insight can be gained by comparing adsorption configurations on the reduced 

surfaces with Ag/Pt to analogous configurations on the reduced surfaces without the octamer. 

The linear LAVo1 and LPVo1 configurations (Figure 2c & 2j) are similar structurally, and are 

closest to LVo1 for the octamer-free surface (Fig. S1d in Supporting Information); nevertheless, 

these two sites show longer bonding lengths between O of CO2 and Ti atom by 0.38 Å and 0.29 

Å, and less than half the adsorption energy magnitude of the octamer-free surface. For these 

linear geometries, the net effect of the octamers on CO2 adsorption is therefore consistent 

between the reduced and perfect (vacancy-free) surfaces. The bent BAVo1 and BPVo5 (Figure 

2a & 2h) geometries, which are almost the same in terms of adsorption configuration, are also 

less stable compared to the analogous mode on the reduced surface (BVo2 in Fig. S1f in 

Supporting Information). In other words, the presence of Ag and Pt octamers weakens the CO2 

binding with the reduced surface in this configuration (in fact, BPVo5 becomes a metastable 

mode). Accordingly, the trend for the bent geometries matches that for the linear geometries, but 

is the opposite of the trend found in perfect surface-supported octamers. At first glance, this is 

curious given that the Bader charge analysis also shows negative charge localization at the 

binding O of the CO2 molecule upon adsorption in the LAVo1 (0.019e) and LPVo1 (0.033e) 

configurations. However, this accumulation is much less than what we observed for LVo1 on the 



octamer-free surface (0.060e), which is consistent with the relative decrease in adsorption energy, 

and with the increase in the binding distance of the O atoms of CO2 and the surface Ti atoms. We 

caution, however, that BAVo1 and BPVo5 show enhanced net charge transfer in the two binding 

O atoms compared to BVo2, but do not demonstrate a consistent trend in the adsorption energy; 

accordingly, significant charge transfer should be seen only as a rough guideline for predicting 

adsorption.  

Adsorption at sites associated with octamers. Like the perfect surface with Pt/Ag, we find 

that more additional CO2 adsorption sites are introduced at the Pt octamer than at the Ag octamer 

(five for Pt vs. one for Ag); note that this difference between the two metals is even more 

pronounced than we saw with the perfect surface. We also find that although the reduced surface 

provides more binding sites at the octamer, the presence of the oxygen vacancy does not in 

general enhance the binding strength of CO2 with respect the Ag/Pt-decorated perfect surface. 

The lone Ag binding site, BAVo2 (Figure 2b), is a metastable adsorption site with the C atom 

of CO2 binding with 3c-O, and with one O atom of CO2 interacting with the Ag octamer at a 

distance of 2.36 Å while the other O atom fills the oxygen vacancy site. This configuration is 

similar to the corresponding mode on the reduced surface without Ag (BVo3 in Fig. S1g in 

Supporting Information), but it has a much smaller adsorption energy magnitude (by 0.65eV). 

This indicates that the Ag octamer’s presence mitigates the CO2 adsorption in this configuration. 

The net charge on the adsorbed CO2 is also quite different when the Ag octamer is present: the 

charge transfer to the O atom of CO2 in BAVo2 is almost double that in BVo3 (no octamer), 

while the charge transfer to the C atom is one fifth as large.  



 

Figure 2. Stable CO2 adsorption configurations on the reduced anatase TiO2(101) surface in the 
presence of Ag and Pt octamers (O in red, C in black, Ti in blue, Ag in silver, Pt in green. The 
numbers indicate the bond lengths in Å). 

 

Five additional adsorption modes were observed on the reduced surface-supported Pt 

octamer, two more than were found for the perfect surface-supported case. Configuration BPVo1 

(Figure 2d) can be compared to the perfect surface-supported BP1 (Figure 1d), since both sites 

involve CO2 adsorption at the interface edge with comparable binding distances of CO2 to the Pt 

octamer (albeit with a slight distance decrease by 0.11 Å of the O atom binding to the surface Ti 

and a smaller O-C-O angle by almost 2.8°). Configuration BPVo2 (Figure 2e) is similar to BP3 

(Figure 1f), and mainly involves an interaction with one Pt atom in the top layer; again, both of 

these configurations possess comparable CO2 binding parameters except for a 0.16 Å shorter 

distance between O of CO2 and the Pt atom. BPVo3 (Figure 2f) is an analogous configuration to 

BP2 (Figure 1e), and both possess comparable CO2 binding parameters except for a 1.7° smaller 



O-C-O angle for the former. However, BPVo4 (Figure 2g) and BPVo6 (Figure 2i) are unique 

configurations that have no analog in the perfect surface-supported Pt octamer case. BPVo4 

(Figure 2g) shows CO2 interacting at the interface edge, mainly with one Pt atom in the bottom 

layer of the octamer. This Pt atom binds the C and O of CO2, while the other O atom of the 

adsorbate binds with a 5c-Ti atom, leading to an O-C-O angle of 140.6°. BPVo6 (Figure 2i) is 

also an interfacial CO2 adsorption configuration, but a metastable one. In this case, the C atom is 

interacting with two Pt atoms, while one O atom is simultaneously interacting with one Pt and 

one surface 5c-Ti atom. Note that among all the CO2 adsorption configurations obtained in this 

research, the O-C-O angle in BPVo6 (121.1°) is the smallest, and the binding distance of C and 

O in CO2 (1.39 Å) is the longest. Furthermore, this O-C-O angle is smaller than those of the CO2 

anion reported experimentally and computationally, and the C & O intra-bonding distance is 

larger by around 0.14 to 0.16 Å.25, 51 This may account for the instability of this mode in terms of 

total energy, but it also reveals a strong tendency for CO2 dissociation to occur on this model 

surface if binding can be achieved.      

The adsorption energy for the Pt-derived configurations on the reduced TiO2-supported Pt 

octamers is on average comparable to those on the perfect TiO2-supported Pt octamers. This 

indicates that the presence of the oxygen vacancy does not contribute to the CO2 adsorption 

energetically in the presence of the Pt octamer. However, because additional adsorption sites are 

introduced by the vacancy-induced modification of the local surface structure, it is likely that the 

net effect should be to enhance CO2 photoreduction activity. This assumption is supported by the 

fact that all five Pt-derived binding configurations (BPVo1-BPVo4 and BPVo6) show a tendency 

for notable negative charge accumulation in the C atom of CO2 molecule. Examination of the 

associated charge density difference plots provides additional confirmation of this effect (plots 



for BPVo1 and BPVo2 can be found in Fig. S2 in the Supporting Information). The magnitude of 

the charge accumulation is comparable to that seen in the modes on the perfect surface-supported 

Pt octamer, and as in the latter case, appears to correlate with the decreasing O-C-O angle of CO2 

(with one exception for BPVo6). In summary, the reduced anatase TiO2 (101)-supported Pt 

octamer surface shows the potential to activate CO2 by generating the bent form of the molecule, 

while simultaneously increasing the number of available adsorption sites. This enhanced 

catalytic capability mirrors our conclusions for clean reduced anatase TiO2 (101) (BVo1-BVo4), 

and generally matches observations for Zn2GeO4 (010) & (001)48, brookite (210)49, and ceria 

(110)50 surfaces.  

 
Table 3. Calculated propertiesa based on CO2 adsorption configurations on reduced anatase 
TiO2(101) in the presence of Ag and Pt octamers. 

Ads.                     
Config. -Eads(eV) ∠OCO(deg.) 

∆e of CO2   ν(CO2)(cm-1) 

C O O ν1 ν2 ν3 
BAVo1 0.12 132.9 0.009 0.068 0.092 1251 798 1640 

BAVo2* -0.28 128.0 0.012 0.100 0.084 1185 806 1626 
LAVo1 0.14 178.8 -0.014 0.002 0.019 1315 626 2359 
BPVo1* 0.71 124.9 0.595 -0.058 0.039 1203 772 1529 
BPVo2* 0.68 147.6 0.381 -0.086 -0.003 1142 621 1934 
BPVo3* 0.66 134.2 0.523 -0.023 -0.065 1114 734 1715 
BPVo4* 0.32 140.6 0.417 0.075 -0.077 1180 666 1791 
BPVo5 0.00 132.5 -0.007 0.042 0.069 1265 805 1647 

BPVo6* -0.19 121.1 0.566 -0.020 0.009 1145 728 1670 
LPVo1 0.15 179.3 -0.020 0.033 -0.009 1318 626 2361 

 
aValues represent the adsorption energy, O-C-O angle of CO2, difference of Bader charge of CO2 
molecule upon adsorption, and vibrational frequencies of symmetric (ν1), bending (ν2), and 
asymmetric (ν3) stretching modes (∆e >0 means electron accumulation; L and B represent linear 
and bent adsorption forms; Vo represents an oxygen vacancy; A and P represent Ag and Pt; 
asterisks indicate interaction associated with Ag/Pt octamers).      
 
 
 
 



3.2.2 Binding Mechanism 
 
Additional insight into the influence of the octamer on CO2 adsorption can be obtained by 

investigating the binding mechanism and electronic structure in more detail. We focus on two 

scenarios that are of particular interest: first, adsorption on perfect and reduced anatase sites for 

which there is no direct bonding to the octamer; and second, adsorption on the Pt octamer, which 

introduces the most additional adsorption sties. 

Adsorption on TiO2 sites (with octamer present). Focusing first on sites where CO2 is not 

directly bound to the octamer, we find that electrostatics seem to play the dominant role in the 

binding mechanism. More specifically, there is a competition between attraction and repulsion of 

CO2 by surface Ti atoms: CO2 adsorption on the TiO2 (101) surfaces is affected by Ti atoms 

either attracting the O atom of CO2 or else repelling the C atom.  

The Ti-O attraction can be seen by observing the linear adsorption modes for all tested 

surfaces (refer to L1 & LVo1 in Fig. S1, LA1 & LP1 in Figure 1, and LAVo1 & LPVo1 in 

Figure 2), for which there is an apparent correlation between the binding strength and the net 

charge transfer to binding O of the CO2 molecule. For example, LVo1 has the highest adsorption 

energy as well as almost the highest net charge on the O atom of CO2 (0.060e). One exception to 

this trend is LP1, which has a net charge transfer to O that is comparable to LVo1 (0.061e), yet 

exhibits much weaker CO2 binding. This is likely due to the different orientation of the adsorbed 

CO2 molecule, as reflected in the variation in the electronic properties of linear modes obtained 

by Sorescu and coworkers.31 By comparing LVo1 and LP1, both adsorb along [010] and are 

surrounded by three surface Ti atoms (more than those of other linear modes), but CO2 on LP1 

lies flatter. This leads to a clear difference in the average distance between the C atom of CO2 

and the nearby surface Ti atoms, which is smaller for LP1 (3.89Å) than for LVo1 (4.01 Å). A 



likely consequence of this is increased electrostatic repulsion25 between C and surface Ti atoms 

in the case of LP1, which results in a smaller adsorption energy. 

Such repulsion role of C of CO2 is also a factor in the binding strength of the bridge 

carbonate-like configurations (refer to B2 & BVo2 in Fig. S1, BA2 & BP4 in Figure 1, and 

BAVo1 & BPVo5 in Figure 2), where it competes with the formation of bonding between O 

atoms of CO2 and surface Ti atoms. The Bader charge analysis of the pair of BP4 & BPVo5 

suggests these two are dominated by the Ti-O bonding effect. Given that C of CO2 in both modes 

exhibits the same electronic trend, the difference in the total negative charge accumulation at 

both O atoms of CO2 uniquely explains the differences in their binding strength. On the other 

hand, the pair of B2 & BVo2 illustrates that the charge on the C atom of CO2 is highly relevant 

to the binding strength. Whereas the total negative charge accumulations at O of CO2 are 

comparable in the two cases (0.067 & 0.064e), the C of CO2 in BVo2 gains a charge of 0.024e 

while that in B2 shows an opposite loss of 0.005e. As a result, BVo2 experiences less 

electrostatic repulsion than B2, which may explain why BVo2 is stable and B2 is metastable. 

Note that the least favored bridged-carbonate configuration identified in this study is B2, which 

has both weak binding via O of CO2 (0.044e less charge accumulation compared to the barely 

favored BPVo5), as well as electrostatic repulsion between C of CO2 and surface Ti atoms.  

Adsorption at sites associated with Pt octamer. BP1-BP3 (Figure 1d-f) and BPVo1- 

BPVo6 (Figure 2d-i) reveal the Pt octamer’s ability to provide additional adsorption sites for 

bent-form CO2 species on anatase TiO2 (101). This can be explained in terms of the electronic 

structure of the Pt surface with respect to the adsorbate states, which facilitates the formation of 

bonding states. Figure 3 shows p-DOS plots for BP1 and BP2, superimposed with select charge 

density plots corresponding to specific states. The peaks corresponding to Pt and O of CO2 show 



strong resonance at lower energy levels, as well as weaker resonances near the top of the valance 

band and in the bandgap. For Pt and C of CO2 atoms, the resonant peaks lie mainly in the lower 

energy levels, with minor resonances elsewhere, especially in the range of -2eV to Fermi level. 

This suggests the adsorbed CO2 has a strong tendency to hybridize with the Pt octamer at lower 

energy levels (around -10 eV ~ -6eV with respect to the Fermi level). Further examination of the 

charge density associated with DP1-DP4 (Figure 3a) and DP1&DP2 (Figure 3b) shows that CO2 

is using its bonding molecular orbitals (e.g. 2σg for DP1 in Figure 3a and 1πu for DP2 in Figure 

3b) to form additional bonding orbitals with d-like orbitals of the Pt octamer. At higher energies, 

additional orbital hybridization between C and the Pt octamer is observed, as can be seen in the 

charge densities associated with the DP3&DP4 states in Figure 3b. The ability of CO2 to form a 

bonding orbital with the Pt octamer is attributable to the matching shapes, orientations, and 

comparable energy levels of the two sets of orbitals.21 It can be concluded that the additional 

CO2 adsorption sites provided by Pt octamer are made possible by the ability of Pt to form 

bonding orbitals with CO2 molecule. In other words, the dominant binding mechanism for CO2 

on the Pt sites involves orbital hybridization (covalency), whereas electrostatic interactions 

dominate at sites associated with the TiO2 surface.  



 
Figure 3. p-DOSs (C & O of CO2 and Pt) and associated density plots of specific states formed 
upon CO2 adsorption at the interface edge (BP1) and directly on the Pt octamer (BP2): (a) 
configuration BP1 with states DP1-DP4 at -9.57, -8.13, -7.32, and -6.53 eV; (b) configuration 
BP2 with states DP1-DP4 at -6.17, -5.93, -1.10, and -0.13 eV (Above and below the axis 
correspond to spin up and spin down, respectively).  
 

3.2.3 Vibrational Frequencies  

Analyzing the CO2 vibrational frequencies on the surfaces with Ag/Pt octamers offers insight 

into key bond characteristics of the adsorbed molecule, and can provide a useful roadmap for 

interpreting experimental vibrational spectra. Table 2 & 3 shows the calculated vibrational 

frequencies for CO2 adsorbed on surfaces of anatase (101)-supported Ag and Pt octamers. 
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Significantly, we find that specific vibrational modes can be used as indicators for key geometric 

and electronic quantities that are directly relevant for CO2 activation. In particular, among the Pt 

octamer-associated bent-form CO2 molecules, there is a correlation between the bending 

frequency (ν2) and negative charge accumulation at C, and between the asymmetric stretching 

frequency (ν3) and the O-C-O angle of the adsorbed CO2 molecule. Moreover, characteristics of 

the ν2 and ν3 modes may reveal different CO2 adsorption sites.  

The experimental vibrational frequencies of symmetric (ν1) and asymmetric (ν3) stretching 

for linear adsorbed CO2 on P25 and several metal oxide surface were reported to be around 1259 

and 2373 cm-1,52-53 while frequencies for adsorbed bent-form CO2 were reported to be 1315 and 

1589 cm-1 on anatase TiO2.54 For the CO2
- anion, the reported values are 1219 and 1640 cm-1 on 

P25,53 1245 and 1670 cm-1 on anatase TiO2,54 and 1247 and 1670 cm-1 on anatase TiO2 in the 

presence of H2O.55 Previous calculation results25, 31, 49 revealed that on neutral perfect anatase 

TiO2 (101) and brookite TiO2 (210) surfaces, the calculated vibrational frequencies of the bent 

CO2 modes were close to the experimental results, although the electronic analysis prevented the 

actual formation of CO2
- anion. For the reduced surfaces, the formation of CO2

- anion was found, 

with the calculated vibrational frequencies showing a comparable or slightly larger shift with 

respect to the experimental values. The relatively good agreement between theory and 

experiment justifies comparison of our results to published data.  

As described above, significant electron transfer to the CO2 adsorbate was mainly found on 

the perfect and reduced TiO2 surfaces in the presence of the Pt octamer. The most promising 

configurations for CO2 activation are BP1 - BP3 in Figure 1d-f and BPVo1 - BPVo4 in Figure 

2d-g, since these exhibit sufficient electron transfer so as to be close to an adsorbed CO2
- anion. 

Calculated vibrational frequencies indicate that the corresponding IR bands for the adsorbed CO2 



are obtained in the range of 602-1934 cm-1. Compared to the reported experimental values for 

CO2 on anatase TiO2, ν1 modes show redshifts up to 131 cm-1, while for ν3 the largest redshift is 

around 159 cm-1 and the largest blueshift around 264 cm-1. The ν2 (bending) mode varies from 

602 to 805 cm-1. Note that ν1 and ν3 (1130 and 1690 cm-1) of BP2 are the closest to the 

experimentally reported values for anatase.  

Among the Pt octamer-associated CO2 adsorption modes (BP1 - BP3 in Figure 1d-f and 

BPVo1 - BPVo4 in Figure 2d-g) in which the C atom gains appreciable negative charge, a clear 

trend between the ν2 mode and the charge accumulation at C was found, as shown in Figure 4a. 

Higher electron accumulation at C is correlated with a higher ν2 mode. This may be related to 

increased stiffness of the intra C-O bond of CO2 due to the dipole moment enhancement from the 

charge transfer to C. Notably, the ν2 mode was also used by He et al.25 to characterize the net 

charge transfer to C associated with CO2 adsorption on the clean anatase TiO2 (101) surface. 

Also, Figure 4a shows that in general, interface edge adsorption sites (in red circle, excepting 

BPVo4) tend to possess higher ν2 modes compared to adsorption sites directly on the Pt octamer 

(in green dotted circle). Furthermore, if we compare the Pt octamer-associated CO2 adsorption 

modes in Figure 4a with modes not directly associated with the Pt octamer (BP4 in Figure 1g and 

BPVo5 in Figure 2h), the former tend to have ν2 modes below ~800 cm-1 while the latter tend to 

have ν2 modes above that value. This is likely because C interacts with different atoms in these 

two cases. In the direct interaction of C with Pt atoms, there is noticeable net charge transfer to C 

and hybridization with the Pt states, which induces a stronger interaction and an associated 

reduction in the frequency of the bending mode. In contrast, TiO2 surface sites exhibit a much 

weaker interaction between C and surface O atoms, involving comparatively minor charge 

transfer; this accounts for the higher frequency of the CO2 bending.    



The ν3 asymmetric stretching mode for the surfaces with Pt octamers correlates well with the 

O-C-O angle of the adsorbed CO2 molecule. As shown in Figure 4b, the smaller the angle, the 

smaller the value of ν3 (note that this trend holds true even for configurations where charge 

transfer to C is minimal, i.e., BP4 and BPVo5). For the bent forms on the perfect surface in the 

presence of the Pt octamer (BP1-BP4 in Figure 1d-g), ν3 decreases as 1918, 1690, 1615, and 

1511 cm-1, and the O-C-O angle as 148.4, 135.9, 132.2, and 127.7°. Similarly, on the supported 

reduced surface (BPVo1 - BPVo5 in Figure d-h), ν3 decreases as 1934, 1791, 1715, 1647, and 

1529 cm-1, and the O-C-O angle decreases as 147.6, 140.6, 134.2, 132.5, and 124.9°. Apparently, 

the smaller O-C-O angle mitigates the antisymmetric stretching of the CO2 molecule. Moreover, 

comparing the adsorption modes on the Pt octamer with those at the interface edge, the latter 

tend to possess a smaller O-C-O angle, and a correspondingly lower ν3 frequency. This is due to 

the cliff-like geometry created at the interface between the Pt octamer and the anatase (101) 

surface, which allows CO2 to adsorb with an O-C-O angle that approaches 90°. Excepting 

BPVo4, we suggest that a smaller value of ν3 (~1500-1540 cm-1, red circle in Figure 4b) could 

be used as a signal that CO2 is adsorbed at the cluster/support interface edge. 

       
 
Figure 4. Correlations between (a) the bending frequency (ν2) and the negative charge 
accumulation at C of CO2, and of (b) the asymmetric stretching frequency (ν3) and the O-C-O 
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angle of CO2. (Red circle: CO2 adsorption sites at the interface edge; Green dotted circle: CO2 

adsorption sites directly on the Pt octamer.)  

In summary, for bent-form CO2 species associated with the Pt octamer, a higher ν2 mode 

seems to be an indicator of adsorbed CO2 with more negative charge accumulation. On the other 

hand, a higher ν3 mode seems to reveal a larger O-C-O angle of CO2. Moreover, a ν2 mode 

below ~800 cm-1 tends to indicate CO2 adsorption sites for which there is direct interaction 

between the adsorbate at the Pt octamer, whereas direct TiO2 surface sites show higher ν2 values. 

Values of ν2 in the range ~750-800 cm-1 are primarily associated with interface edge adsorption, 

whereas values below that range indicate adsorption mainly on the Pt octamer itself. Interface 

edge adsorption sites may also be revealed by smaller ν3 values (~1500-1540 cm-1).  

Note that according to Tables 2 & 3, the calculated frequencies of pairs with similar 

adsorption configurations (e.g., BP1 & BPVo1, BP2 & BPVo3, and BP3 & BPVo2) are similar 

to each other. This gives confidence in uniquely assigning frequencies to observed adsorption 

sites. For instance, on the surfaces with a Pt octamer deposited on anatase TiO2 (101), we can 

assign ν1 and ν3 in the ranges of 1174-1203 cm-1 and 1511-1529 cm-1, respectively, to an 

adsorbed CO2
- anion at the interface edge. The ν1 and ν3 ranges of 1114-1130 cm-1 and 1690-

1715 cm-1 can be assigned to a CO2
- anion on a Pt octamer involving simultaneous interaction 

with two Pt atoms. The ν1 and ν3 ranges of 1142-1167 cm-1 and 1918-1934 cm-1 can be ascribed 

to a CO2
- anion on a Pt octamer involving interaction with only one Pt atom.  

3.3 Pt octamer induced CO2 dissociation to CO 

So far, we have considered the formation of surface-adsorbed complexes that resemble the CO2
- 

anion, which is a key precursor for the formation of CO. In this section, we explore a possible 



pathway for the subsequent reduction step, namely, cleavage of CO2
- to form surface-adsorbed 

CO on a neutral surface of a reduced anatase TiO2 (101)-supported Pt octamer. 

The dissociation of CO2 to CO has been investigated by a number of investigators.55-58 While 

such dissociation was observed on the surfaces of reduced TiO2-supported Pt, Rh, and Ir upon 

illumination at 190K, supported Pd and Ru surfaces exhibited no CO formation.56 An 

investigation using an electron-induced route (i.e., electrocatalysis) was also reported on reduced 

TiO2 (110) with a threshold of 1.4 eV.58 Based on DFT calculations, promising photocatalysts 

such as Zn2GeO4 (010)48 and ceria (110)50 also suggest the possibility of forming CO from CO2 

dissociation on surfaces with oxygen vacancies. One common feature of the proposed 

dissociation mechanisms is that one O atom of the CO2 molecule is linked to the oxygen vacancy, 

resulting in the weakening of the C-O bond.   

Figure 5 shows a possible dissociation pathway (CF1-CF7) for adsorbed CO2 to adsorbed CO. 

In the final configuration (CF7), CO is found at the interface edge with C interacting with two Pt 

atoms at an average distance of 1.94 Å and O with 5c-Ti in a distance of 2.28 Å. The dissociated 

O bridges a 5c-Ti and a Pt atom at distances of 1.78 Å and 2.01 Å, respectively. To understand 

the energy needed to activate the CO2 dissociation, a scenario is investigated starting with CO2 

adsorbed on the TiO2 surface, shown in CF1 (one of the obtained stable CO2 adsorption 

configuration as BPVo5 in Figure 2h). The CI-NEB calculation shows that a disturbance of 

0.15eV is initially needed to destabilize the adsorbed CO2 (CF2), following which the system 

follows a downhill path to a configuration where C of the CO2 is interacting with one Pt atom of 

the Pt octamer (CF3). The major energy barrier (CF4) is then reflected in the extraction of one O 

from CO2 to a bond distance of 1.83 Å (for reference, the calculated bond distance of C-O is 1.18 

Å for free CO2), followed by a downhill path to continue the C-O separation and transition to a 



configuration in which the C atom interacts with two Pt atoms instead of one (CF5-CF7). The 

energy barrier of CO2 dissociation to CO is estimated to be 1.01eV.  

 

Figure 5. A proposed pathway, CF1-CF7, for CO2 dissociation to CO on the surface of a reduced 
anatase TiO2 (101)-supported Pt octamer. 

 

This mechanism is different from what has been reported for larger nanoparticles, where one 

O of CO2 fills the oxygen vacancy as C bonds to the nanoparticle, then upon irradiation transfers 

the photo-induced charge to the CO2 molecule to activate C-O bond breaking.56 In the case of the 

Pt octamer on reduced anatase (101), our proposed dissociation mechanism is not directly related 

to filling of the oxygen vacancy. Rather, the key role of the vacancy here is to enable the cluster 

to more easily modify its geometry to facilitate the dissociation process. This is a direct 

consequence of the fluxionality of the subnanometer metal cluster, which is not possible for 

larger particles. This geometric reorganization is best seen in the early steps in the proposed 

mechanism (CF2-CF4), in which one Pt atom stretches out of the Pt octamer to interact with the 

CO2 molecule.  
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The weakening of the C-O bond is attributed to the filling of antibonding orbitals of the CO2 

molecule.59 Based on the configurations in Figure 3, it is difficult to uniquely identify the 

antibonding orbitals, but the highest bonding orbital of CO2 can be seen in DP4 of Figure 3a and 

DP2 of Figure 3b, which lie deep below the Fermi level. This suggests that the hybridization of 

antibonding orbitals of CO2 could also occur below the Fermi level. For instance, in Figure 3b, 

states DP3 & DP4 clearly have antibonding character, and could lead to the cleavage of the C-O 

bond of the CO2 molecule. This result suggests another possible advantage that Pt octamers or 

other subnanometer metal clusters may bring to CO2 photoreduction.   

4. Conclusions 

The presence of Ag or Pt octamers can substantially modify CO2 adsorption on perfect & 

reduced anatase TiO2 (101) based on DFT calculations. In fact, the presence of the Ag & Pt 

octamers affects CO2 adsorption even at TiO2 surface sites where there is no direct binding 

between CO2 and the octamer, suggesting the octamer modifies the properties of the TiO2 itself 

as it donates electron density to the surface. For adsorption on the TiO2 sites not directly abutting 

the octamers, the nature of the Ag/Pt-induced effect depends on the orientation of the adsorbed 

CO2 molecule. It also differs for the perfect (vacancy-free) and reduced (oxygen vacancy) 

surfaces. We attribute this behavior to a binding mechanism that involves electrostatic 

competition between two factors: (1) attraction between Ti and the O atom of CO2 as the latter 

accepts negative charge from the surface; and (2) repulsion between Ti and the C atom of CO2. 

Deposition of subnanometer Pt clusters appears to provide certain important advantages for 

CO2 activation on anatase TiO2(101) surfaces. First, the Pt atoms provide extra adsorption sites 

for bent-form CO2—a key dissociation precursor state leading to the products of CO2 

photoreduction—as compared to the Ag-octamer-decorated or pure anatase TiO2 (101) surfaces. 



The available sites were found at the interface edge of the Pt octamer and the anatase surface, 

and also directly on the Pt octamer. In most cases, the adsorption strength at these sites is also 

enhanced, which is generally beneficial for bond activation. In addition, Bader charge analysis 

suggests that at these Pt surface or Pt-TiO2 interface sites, the adsorbed CO2 can be 

spontaneously converted to a CO2
- anion-type complex as negative charge accumulates at the C 

atom of the CO2 molecule. A detailed examination of the associated electronic structure suggests 

that unlike binding to TiO2 sites, where electrostatics play a key role, the interaction between 

CO2 and Pt is instead facilitated by the molecular orbitals of CO2 forming bonding orbitals with 

d states of Pt in the octamer. This explains the significant charge transfer to the adsorbed CO2, as 

well as the Pt octamer’s ability to provide additional adsorption sites. This same advantage is 

lacking for the Ag octamer, likely a consequence of insufficient orbital overlap due to the shape 

and orientation of the outer s orbitals of Ag.      

Calculated vibrational frequencies suggest that the ν2 vibrational mode of bent CO2 

molecules adsorbed on Pt octamers can be used as an indicator of negative charge accumulation 

on C, and hence the formation of the CO2
- anion precursor. In addition, a direct relation between 

the ν3 mode and the O-C-O angle of the CO2 molecule was found, which provides a possible 

mechanism for identifying bent CO2 geometries. Information from the vibrational frequencies 

can also be used for identification of CO2 adsorption sites. For instance, a ν2 mode > ~800 cm-1 

seems to indicate CO2 adsorption on sites that are not directly associated with the Pt octamer, 

while lower frequencies correspond to sites that are related to the Pt octamer. Also, ν2 in the 

~750-800 cm-1 range, combined with a small ν3 (~1500-1540 cm-1), tends to indicate interface 

edge adsorption. 



Finally, we show one possible mechanism by which a Pt octamer on reduced anatase TiO2 

(101) could further dissociate adsorbed CO2 to CO, aided by the enhanced fluxionality of the Pt 

octamer due to the oxygen vacancy, and by the filling of antibonding orbitals of CO2 to weaken 

the intramolecular C-O bond. The calculated energy barrier for this surface dissociation process 

is 1.01eV. In summary, our results suggest that subnanometer metal clusters such as Pt could be 

used to enhance the photocatalytic activity of TiO2 and other semiconductors.  
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